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PYROLYKS OF ORGANIC OOWOUNDO CONTADWE
LO)NG UNULANCIIID ALKYL GROUPS

INTRODUCTON

Domestic oi-hale deposits are a tremendous resource as a potential source of liquid hbs The
proven recoverable oi-shale reserves for oesed those for petroleum. The oil-suals resource concan-
trated in three western states alone is estimated to be the equiw 'Ant of two trllon bezis of

Crude oil

The U.S. Navy has been involved for some time in the development of Navy fuels from alterna-I
tive sources such as oil dudle [1-51. As a pert of this effort, the Naval Research Laboratory has been
studying the effects of chemical composition on fuel properties, since such Wafrmatdon 'uhl lead to
a per PavailabiliMty and better use of fuels [-1

JP-5 is a bhighfash-point mniddledistillate fuel for carrier-based Jet araft. It must meet mnyw
exating requirements for satisfactory performance [6). One of the most stringmnt requirements
is a low freezing point. It has been impractical to make JP-5 firom some petroleum crudle., because it
is diffcul to meet the specification of a low freezing point (-470C) and a high M&as point (WO~C)

no avl Rssirch Uftratoqyhas eated the bonzing point of JP4ypefueistohenake

=a~th highes colhveteloetelkane content n hs

The quantity of larg nu'lames (14%) present in shale crude is insuffcient to explain the
alkane, content (up to 37%) of fuels derived from shale. Precursors to small si~ 6h4can molecules
in the jet fuel range might be branhed or cyclic compounds containing long normal alky MPue
When these compounds rupture durin thermal refining, attack on a side chain could afford a path
to anamae.

Since the model compounds of this stud are of the type that can be found in shale crude ft
the reults of thi study should be useful In explaining the observed products in dils-derived fuels
und the thermal conditons under which they are formed.

The thermal cracking of hydrocrbos Is wall documented [10-14). Rice [181 In 19IO"
posed his now claical free-radical chain mechanism of hydrocarbon pyrolysi. The Unetma
decoamposition- of email alkanse (CI through C) at low presure and hig tanuperatur Is now weil

understood [16,17). Although a few uxmples of thermal cacking ofhi&IherM weeobbsu
found in the lteratur [18,191, they we not adequate frtaie IoompstboaL Ifot of twot
atudleshavesapartta emphasi on Ubae"i w laln pezenueters of the 110e.4KoswIla] **a*ts.
Fabuse Amth and Safterfled 11 bare rotedaaand proposed a Chedian at enbaI s
pyrolysis at prs ure md howhe than tOne studied by ice.
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.1. The purpose of the preeent research is to tot the validity of the Fabuss-mith-atterfleld
mechanism for lower temperatures and higher pressures and to report the product distribution

* for the thermal cracking of large, model compounds of varied structure. These compounds were
pyrolysed at temperature and pressure condiions typical of tIbepre knw
a delayed coking.

EXPERDMENTAL DETAILS

14buiyl pentadecane, 1-phenyl terdcn,2-ae~y octacane, and n-tuldecyl cycl6oeam
were obtaied from Pfaltz and Bauer and were passed through activated silica. gi andfrcoaed
n-Haeadecone was a National Bureau of Standards reference sample and was used nsrcevd
2-n-Pentodecyl pyridine was prepared bvy a stanidard method 120] and fractionated. The bction
boiling at 170*C at 83.2 Pa was retained and chuaterized by gas choao hylimspec-
tometry. The purity of the hydrocarbons was judged primarily from vapos-pase chromatog
raphy. The are of the main chomtora peak was always >99.9% when compared to aubuflar
compound used as an Internal standard. Reagent-grade benzene was obtained from Pisher
Chemical Co. The samples were stored in glass containers at 0*C. -

Method

The compounds ware all pyrolyzed at 728 K and about 600 kPa. A typical pyrolysis was
caried out in a 15-cm-long, 6.4-mm-o.d. (1/4-lnch-od.) 816 stalnless-stee tube closed at one end
and fited at the other end with a stainless-steel valve via a Swagelok fitting. The tube, containing
a weighe amount of sample (approx- -mately 0.1 g), was attiched to a vacuum system, cooled to
195 K, ad subjected to three free-pump-thaw cycles. The deawrated samples were warmed to
room temperature and pyrolyzed by inserting them Into 7-mm holes In a 15-cm-dameter aluminum
block fitted with haters, and a temperature controller. After the pyrolysis period, the tube wasf.
coaled to 195 K, and the valve was removed (unless the amplewas analyxed for low-molecular-
weight pass). Denseme (or other appropriate solvent) was #ALde to the tube, which was then
copped and warmed to room temperature. The solution and three subsequent rinses were trans-
fe1e ato a screw-cap, via (Teflon cap liner) and stored at 0*C until analysis. The sample, concen-
ttation In the solvent was typically 5%. Pior to analysis, weighed amount@ of internal standards
were added. Since a typical choaormrequired 60 min, two internal standartle we used

* ~One affoarded quaentitatlon for the peaks with short retenton times (ticly p-zylene), and a
second afforded quantilatlon for the peaks with longer rentimu times (typically I~hey Misc..s).

The stainlasseee tubes were used for several runse. All tube were cleamed the same way. 'They

Aflsmples werpyrolyzed fr1,0,0.M d10mi.Tu hms w ioafM d

powuOse. A seare ofiu th brU fe eMwlW020 ,-e

8281 os no -s opcabli boh- 1 11,1iMoa I' IL
m eladfi w M4t tts Iht *O



The pyrolymed samples were analysied by thre techniques, al based an go rvaow~k.
Peak Idmntilcam for a11 three techniques was, based on retention tim meacing with nlkaw and
14ukee steniards.In the first, a HewlettPackad model-S8SA Pa 'NWMAoap wt a alm*

ionizaton detector (FID) equipped with a 50-un wall-coated open tubular(OVi10l) fusd-dies
capilrmy colun gmy the necesry rsolution to distincty separate the n-mikuuaee apd 1-alkmes. A
carrier po flow of 1 millmln was combined with an WnlA split rato of 60:1 and a teperature pro-
gram wit an intal hold at 50PC for 8 min, a ramp of elmnn and a final temwperar of 275 C.

The second GC technique, ued for lOUPretention-tlm (CI I thrug C, S) walkanes and
1-nalkesed a Parkin-Elmer model-8920B p. comatogaph equipped with an 1SE410 88.--

maportcoaedopen tubular glas capillary colum and an lID detector. TheMa
recorded and interated on a Hewlett-ackard miodel-889A reporting integraor. The temperature

poamwas the -aofor the 5MA anlysis.

In the fit technique the loft retention times coupled with an Inlet splitdid not giv fale
analytia response above C1 2. The p-XYene internal stadard was- coseetl used for anaslyab
of the C, through C,,0 hydrocarbon.. The second GC technique was splMee gad prve good response
for longur retention times but not good separation at short retention dme. The 1-pluenyl tridecane
internal g!tandard was used for the C1 0 through CIS hydrocSabon. Both techniques gav the sme
analyica reult for the midrange carbon numbers (C7 throuh CI 2). This aerVed as a sitive

cekbetween the two techniques.

In the third technique the games formed during pyrolysis were analysed usin a Beckmn
umel-GC72-5gep. clrmatograph equipped with an lID and a column packed with Apleson L
alumina. In this mode the colum was operated at 200C. The chomtogrm was recorded and Inte-
grate on a HlewlettPackad unode-8390A reporting integratior. For this procedure, the tbes Were
cooled to 195 K after pyrolysis, and the tube vale was connected directly to a GC s-ampln
valve via a Swegeok connection. The sampl tube was allowed to warm to rom temperature befo
analysis. An external stdad was used for calibsatlon. A pressur pp measured the pressure In the
sample loop at the time of analyss.

Figure 1 shows the cWoatga of the product from a SO-mm pyrolyas, of 2-methyl octa-.
decae. It represents a typical chr-mata from the 5W8A HewLett.Nckad gas c aogph.

Theinernl tedare or ~ ericuarrunwee -phenyl propane and 1penlpentadecane. Onl1y
U4.9% of the 2-methyl octcane rmasins unteacted at this pyrolysis time. Table 1 lis the

4 product identiane aiong wit corresponmvding retention tinm for ailphatic and branched CS through

CIS bydroarboms.

Table 2 Wes for each pyrolysis times, the sm of the noelkanse and leiheaS for Cs ad highe

* deailed product distributlom by cabo nu 1Vmber end compounmd class for ANl motms at ea&
pyrolys timm. That is, daties In Table 2 m the totb of table column in Awwduk A.

For 1~ey peutadecene, 1~ey tedeam, and 2-n-pentdecyl pyddge, the amass Gt
nalken ad I-atens Yielsr onearly eqal for a SOmISn pyrolyab. Ohat pyIss tImesI 6M
l9albe, and kug. time furor nfmean yW&d. The b - - 1 ashen hem bO&i Iph~

heuiemu en ~ mdw ~ om - spite amble, hernha bAMMOI IM~ hw*a 15.

preentin ighstyied. or .phny petadsin, te v alee hm 0.1% at Is wo 1
160mba sa fr lpbuyllebisuestyreme inorease &rM 0.5% at Isin to 5.8% at IS ad.

Lj8



MUOK -V HAW!?

too

S.

4.41 2

4.4?
4.34

43.10

USU
~I

L*44



NUL X8ONT $480

Table 1-- Retmntlon Times for a 60-Min Pyroblu of 2Methyl Otadecme
from a Hewlett.Packard Model-5880A G Qhromatograpb

Retention Thm (mnn)

Mhain Alipbatie Products Dan~ed (24~ehy) Produt
Leb n-Ankame 1-Alkane Aname Allkes

CS
C 4  --

2a 4.5 2.6 4. 4.76C6 5.os 4.99 6.02 5.89
c7 6." 6.2-f 8.27 7.8

c9 14.89 13.so 17.8 17.24
C o 19.80 9Ao2 22.74 U3.so
Cl 1 24.35 28.84 27.17 25.70
C12 28.64 26.19 $1.20 30.7/8
Cis 32.54 3214 34.90 "4.521
C14 36.15 35.79 38.35 88.01

Cis 39.54 89.20 41.60 41.28
cis 42.72I 42.41 44.67/ "AS8
C 7 - 4.74 47.59 47.82
cis - 50.44

s7.

I
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Table 2 - Aikane and.AMkmn. Yieds From Pyrolyss

Yield of the I drocarbon Products (%)No
Timetic SubstituWe Brnche Rected

1O _____m -Akn A lkm e[ jlej_____e

_______ Pyolyi of 1-Phmmy N.~came

30 5.1 18.1 11.7 4.9 85.0
60 9.5 9.9 20.9 4.6 8.7

120 9.6 7.0 17.5 6.4 8.0
180 9.7 8.8 ISA 6.11.

___ ~2a te~tkaime

15t 2.8 8.2 7.1 2.7 64....0
s0 1. 12.9 14.1 46 85.4
60 I 9.0 10.4 19.6 5.9 7.2

120 I 9. j 8.7 20.7 6.9 4.5
180O 9.5 8.4 18.0 9.0 1.4

_______2-n-Penteiecyl Pyuldln

15 1 5.2 1 7.8 6.4 2.7 58.5
80 10.5 9.1 12.8 86 25.4
60 10.9 10.9 15.8 0.2 12.0

120 10.1 6.9 18.1 00 8.8
180 7.4 88 18.6 0.0 0.1

________2-Methyl Octadocane

15 0. 1 1.9 0.9 0.1 77.1
80 2.8 6.9 *..1.2 8.5 56.6

60 9. 1 283 2.8 6.0 84.9
120 12. 6*. 4.1 8.9 8.0

______ ______ _______ n-Tddocyl Cyclobeu

15 0.1 1 0.1 0.6 0.1 $i 7.8
80 4.9 I 8.7 8.5 56A 79.6
60 6.1 j 10.7 8.7 6.2 1 4.0

120 9.6 9.6 6.4 4.2 . 2.6
180 9.4 6.2 6.2 2.6 3 .7

15 0.2 1.8....................... 96.1
so 2. 10.875.9

60 10.8 17.6 S86

120 12.9 14.9 17.5
180 22.1 10.6 5.7:

*Dom *at heuis C, 'Ikma C4 wah.
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Toluene and ethyl beuene wer the most stable phenyl alkanes formed. For a 15-rin
Pyrolysis Of 1-phenyl pentmdecane, 8.3% toluene and 2.9% ethyl benzene were formed. At 180 rain,
14.9% and 0.2% respectively wer formed. The same trend was noted for 1-phenyl tetradecane: at
15 rain the toluene yield was 3.2% and the ethyl benzene yield was 2.4%. At 180 rain 14.4% and
0.2% respectively were found. Ethyl benzene was a major initial product, but it does break down
at long stress times. No benzene was found.

The pyridUne substituted alkenes from 2-n-pentadecyl pyridine show a remarkable dissimilarity
with all of the other compounds pyrolysed. The pyridine substituted alkenes exhibit little thermal
stability after a pyrolysis of only 30 min, and the low yield drops to zero. The pyridine substituted
alkanes, however, show a high degree of stability, gradually increasing in yield until at 180 min the
products total 18.6%. The most stable of the substituted pyridines was 2-methyl pyridine, which
increased from 8.0% at 15 min to 11.7% at 180 rain (Table Afb). No pyridine was found.

Table 3 lists, for the 60-min pyrolysis for the compounds reacted, the total aliphatic product
yields (C1 and higher). Table 4 shows, for the 60-rain pyrolysis for the compounds stresd, the
yields of the individual C1 through C4 nalkane and lakene hydrocarbons.

That substituted pyridines and benzenes are much more susceptible to pyrolysis can be seen
by a comparison with n-headecane. For a 15-rin pyrolysis, 62.5% of the 1-phenyl pentadecane,
64.0% of I-phenyl tetradecane, and only 58.1% of 2-n-petadecyl pyridine remain, but 95.1% of
the n-hezedecane remains (Table 2). For a 60-rain pyrolysis the C1 through C4 yield for n-hexa-
decane was only 4.8% (Table 4). The same product trend is observed for the n-hexadecane as for the
other compounds: the n41kane does not equal the 1-alkene yield until approximately the 120-rain
pyrolysis (Table 2). at 180 min the nlkanes predominate. Under the noncatalytic conditions of
the experiment, isomerization was not expected, and only slight traces of isomerization were found.
At 180 min for the n-hexadecane, the lower nekaes and 1-alkenes predominate, with the
n-pentane value being 9.6% and the 1-pentene value being 5.0% (Table A6). Figure 2 shows the
decrease in the long-chain compounds and the concomitant dramatic increase in the shorter chain
hydrocarbons as the pyrolyis time increases beyond 60 min for n-hexadecane.

The pyrolysis of 2-methyl octadecane is fater than that of n-hexadecane. During pyrolysis of
the 2-methyl octadecane 77.1% remains at 15 min versus 56.6% at 80 rain, which compares to
95.1% and 75.9% respectively for the n-hexadecane (Table 2). The yield of the straight-chain hydro-
carbons from 2-methyl octadecane exceeded that of the branched hydrocarbons by 2 to 8fold
(Tabe 3).

Suywu cycloheans would be expected to be considerably more reactive than stright-
chain hydrocrbon. This was not the cse, however. For a 15-min pyrolysis, 87.8% of the n4rdecyl
cyclohexae remains. The product distribution is as expected, but the n4dkame yield does not
aproximate the 141kene yield until 120 rain of pyrolysis. The long-chain cyclohexane also pro
duced the lowes CI through C4 yidd (4.1%) for the 6min stress.

The substituted beineues and pyridines did not yield either benmene or pyridune. However,
n-trldecyl cyclohzme yieldedcyclobezne as well as bensene, toluene, and methyl cycloheesies
in appeciab onlenIo. For example, a 160-ain pyrolysis yields 5.8 cycloheimne and 2.5%toluene

.. . ....



wqA

laws,

C~ a~i~.~bTame5)c~~~~e "alr{I Fox,)9. 9

CS a""l N

C, inmbw (not

TOW



NRL REPORT 8680

Table 4 - C Through C4 n-Alkane and 1-Alkene Yield from a 60-Minute Pyrolysi

Yield of the Hydrocarbon Product (%)

Compound Pyrolyzed n-Alkane 1-Alkene

C1  C2  C3  C4  . C, C2  CS C4. . .  ta

1-Phenyl pentadecane 1.2 3.0 2.1 1.0 IS2.8 2.2 14.4 13.7
l-Phenyl tetzadecane 1.1 2.9 2.0 0.9 2.7 2.2 1.3 4* 13.1
9,2-Pentadecyl pyridine, 1.0 3.2 3.8 1.1 12.1.9 3.8 1 8 16.1
2-Methyl octadecane 0.6 1.5 3.0 05 .J1.0 2.1 1.8 4* 10.
n-Tridecyl cyclohexane 0.5 1.3 0.6 02 0.7 0.6 0.2 ~4.1
n-Hexadecane 0.3 1.2 1.0 0.4i 0.5 1.0 0.4 * 4.8

*V#aue that wu given in Tabe 8.

Is

14-

Pg. 2 - Yield of mdkanu plus ledken to

fthe rn pypolymb of n-benadecame
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CD CS C? CG C9 C* C1 C1* CIS C141 CIS
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A material balance was run for each compound. The main peaks of the chromatorm account
* for approximately 85% of the original compounds. The small peaks account for another 5 to 6%.
* It is inferred that the remainder is either polymerized or present as char. The formation of Insolubles
*was not notioeable for short pyrolysis times. A small amount of insoluble. was noted for the 120-

and 180-ain pyrolysis times, especially for 2-n-pentadecyl pyridine. The product distribution was
repeatable to 2% for each component regardless of whether a new stanle-steel tube or a previously
used but conditioned tube was used.

DISCUSSION

When pyrolyzed at high temperature and low pressure, hydrocarbons are broken down to small
olefins by the Rice free-radical mechanism. Fabuus-Smith.Satterfleld (FOS) behavior [18] occurs at
conditions (lower temperatue and higher pressure) more typical of shale retorting and delayed
coking. In F8S behavior a sin gmentaton step occurs which results in pp xlmat equal
amounts of nalkenes and 1-olefins of intermediate chain length. The l g sequence can be pictured
as follows:

Initiation: R-H + X -I R- (secondary) + XH (a)

Propagation: R" (secondary) SCKiOn , 1-olefin + It- (primary) (b)

Net: le" (primary) + R-H H tanser', -H (smaller) + R" (secondary) (c)

2R-H + X" -t 1olefln + RW-H + XH + R. (secondary) (d)

Termination: R" + R" -+ R-R (e)

The secondary radical formed can undergo scision or termination. The ratio of the rates of
b and e determine the length of the free-radical chain. At the high pressureof this system, inter-
molecular hydrogen transfer (c) predominates over intramolecular hydrogen transfer, which Is a
key step in the Rice pyrolysis regime.

Predictions of F8 behavior ae followed for all the compounds pyrolyzed. The first members
of the n4kane and 1-olefin series are formed in smaller amounts than the second members. Low
n-tetradecane (0%), n-pentadecane (0%), and 1-pentadecene (0.2%) yields follow traditional FOS
theory, for a 8 in stress of n-hexadecane (Table A6). The model also predicts equal amounts of
hydrocarbons in the intermediate chain-length range, a behavior observed for several compounds
In these experiments at the shorter pyrolysis tmes.

The effect of pyrolysis time on yield for n-headecone Is illustrated in Fig. 2. The sum of
the n4ukne and the 14kme yields for each carbon number is plotted. For a 80-min stress of
n-hezadecone, CS through C, 4 products ae approximately equal in concentration. Consequently
one4tep FS pyrolysis is rate controlling. The total yield increases at 60 rain, but the ddft to lower
cabon numbers (C5 through C7) indicates that products are forming and then undergoing secondary
decomposition This trend Is etmded significently at longer times, such a Is shown by the 180-rain
str dta, with C reaching a 14.6% yield.

The situation for pyrolysis of aromatic substituted alkanes Is different. Pyridine and bensene
ringe goaly enhance freeadical formation. For eample, the percentage of 2-n-pentedecyl pydin
decomposed in 80 min (indicated i " Table 2 by the percentage not reacted) is not matched by the

10

' =" " . .... .... . ..... ,m 'I .... .. ' l : t 1 "- I : . ..... ... . . . . . . .. ...... ... .. .... ... .. ..... . .. .....
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n-headeaneuntil almost 120 rein. The total yield of products at 30 mein, 10.54+ 9.1 +12.8 +
3.6 -36.0% for 2-n-pentadecyl pyridine, is not attained by n-hmadecaue eve at 160 min. The
effect of stress time on straIght-chain hydrocarbon yield is mustgate In Figs. 8 (1-pbenyl pate-
decane) and 4 (2-n-pentadecyl pyridine). The sure -of the n-alkae and -alkee yideld for each
carbon number us plotted. For a 15-mmn stress, the Cg through C12 yields in both SOWgurs 81a1mo0A
equal but a distinct C14 maxima was observed for both compounds. The CuS compounds we als
faored at short reaction times. The total yield increased at 30 and 60 rein, wit a steady decrese
in C13 and C14 having been more than compensated by a damatic increase In C11 thrugh C7. After
60 rein the combined n~elkane and lalkee yield then revesed.

For the 180-rin strem times the C4 n-alkane and l-alkene sum approximates that of the
15-rein stress for both compounds (Tabl 2). These trends indicate signifcant secouduy decompomi.
tion at longer pyrolysis times.

A pyrolyuis mechanism consistent with the observed product distrbution in Appendix A am
be pictured as follows for 1-phenyl pentadecane, with the yield for a 15-rein prlych being ibow
below each compound:

III~ +n-C 1  (h

0.7% 0%

:1C
+1>Cs19

MU 4.0%



MUMURU AND HAZIIT

6

100 WAR

1241

0I

o IL

121



NRL MiORT 8680

120

44mb

Moab Ml
I0

- t Is.

of AIl
C*~~ co " o'eCsc

4 Mo 4o 3lslu * 11Ivn'sg I.f



MUMUMH AND HAZL*I

-. I -0-0mc- Fjj +n-C1  I

IL.. O% OJ3%b -C 4 Rll

-G

G

~iI~+ 0MC1 4  O)

0.0%
The sm mechanism pictured would apply for a long-chain substituted pyridine.

Bondwiecton reactions initiate (or e the irst rtps in) the nmhams of the thera
pyrolyu of hydroarbons.

ne substituted bensenes produced in stepe f to j all frm thermally via free rdialb: the
radical in stop f, the y radica in steps g and h, the P radical in steps I md J, and the radicals on all
other cabom of the dlkmne ide chain. This is followed by P scision, resulting In the poduet mix
shown for stp f through J.

Step f requirms that the bond break at position A, Position B, or both. As pictured, whm he
bond Ireaks at position A styne and ntrdscme r sult. r b stA"e toward pyngyv at the
tempertum of this study, and its yield undasre a steady buidup, approadhin 7.8% at the
180-minute pyrobya. The n-terdeme i not thermally stable and subsequently de ues In yiedd
with increasing pyrolysis. It is unstable becaus of seondary cracking reactions, yiding Iower
n4lksm and 1ekemss. No ring opening w obswve m would be required by the bonl bmmsb
at position B.

In steps g ad h the 7 m radicl i des Beta scission rsmut in tokme mad 1tsm e.
Reaction path D (tep g) pu minates, beaue the mcbsion via this path results in the very dhl- free bm mdical forming.

SAccording to the theory of chain inhibition, stabilized fr radicals do not Init11e chain
reactions and thmefors an meombin only with one mother [25]. This mpcombbmatlno of
heaz! radical wo not obemed In my of the c rmatmanas. Howevr, a tempert.e of eT7 K
and above, stlsd ndi lke N bena am n abmct byd n frm hydrocbom and Ie

Snitit edn. rocme 16). Pynou di at tempomt S Z adamboe h ram
chain deomposimmo of dch a aly baumm am Inth presence, of imp amM ourn at~

bom [27,81. Th low poduct yid of step h (Mision at positio 2) for a li4mimu e
at y other pyay thm bows the merked, sbli of the hmy ndiml. Othe sm AS
enms fomd wil an subsequenat und@ secondar pyrobvs, m m be -NoR tm d pm k

Ombul iom In Appmn A.

5,4
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Bond scieslon at position G (step J) was not a viaible reaction step. The yield of both beaie
and 1-pentadecene at any pyrolyss tim was auo. In pyrolysis studies of short-chain alkyl buemeam;
(C2 and CS), no bensene was oberved In the product mix [29,801.

The free radical can be formed randomly on any carbon of the sid chain, as can be seen In the
product breakdown in Appendix A. Although most substituted benmemes are observed at a short
pyrolysi time, toluene predominates at all pyrolyals times, indicat that the pumma position bs
the most vulneable to pyrolysis and that with incresig pyrolyss tUm secondary pyrolysis step
ane of maor Importanice.

As shown in Appendix A, the pyridine, substituted alkene ae formed In consldessible yield at
short pyrolysis times, but after 80 rain the olefn concentration drop to auo. The pyuldn sub-
stituent enhances the free-radical breakdown of the oleftn. This bs not a dratmatic for the bense
derivatives. The substituted olefns decreas but do not approach mato until 180 m~in of pyrolysis.
As pyrolysis times increase, the substituted alkanes decreas i chain length, with 2-mthy pyridine
and 2-ethyl pyridine ultimately being the majo products. With the benzenes, toluene and styruneI awe the major products at longer pyrolysis times.

For 1-phenyl pentadecane, toluene increese from 8.8% at a 15-min stesto 14.9% for a
180-ran stress (Tabl Alb). For 1-phenly tetradecane, the toluene yield Increases from 8.2% at
15 main to 14.8% for a 120-minute stres (Table Aft). The steady buildup of the toluene yield is
reasonable, since tolume has bea found to be extremely resistant to pyrolysi at temperatures
below 1178 K [811. It is, however, quite reactive in the temperature, range from 1478 to 1778 K.
Thmn temperatures far exceed any in the present study. This thermal stability is not db~lme by
any of the other longer chain substituted bensenes.

For 2-n-pntdecyl pyridine, only two substituted pyridines, (2-mtl and 2~ehy) wers
fouind to be pyrolysis resistant under these experimental conditions (Table AMb).

The C1 through C4 aliphatic product distribution was determined for the 60-rin pyrolyse.
This was the sress time at which the sum of the nelkane and 1-alkene yields was nmximbed
Table 8 gOves the C1 end higher yields of the nelkane and lalkenes. The C1 through C4 yiuld was
9.1 + 7.0 ow 16% for the pyridie and 18 to 14%'for the benzenes. The C2 and C3 yieds We approx-
imatel equal (2 to 8%). The total nalkane Plu 1-alkene yield was 38.1% for 1-phenyI pentaiscame,
32.5% for 1-phemyl tetsadecane, and 87.9% for U--pentedecyl pyridine.

2-Methyl octdecane was found to be signftcatly les reactive than the pyuldine or benasme
substituted alkeae. It is mrem eactive than the n-hemsdscane. This is reasonable, since the product
distribaUan of Som~hy octadeossie could be explained by the pefretial attack on the tertiay
hydrgn the weakest C-H bond. The total product distribution (CI and up) wa quite similar to
that of the nmheadecane.

Substitute cydloeane would be stpected to be less reative than either the pyrdines or te
bames. Surprisin*.y it was also hm as r actv then n~headecam or 2-mehy octedecae, at
pyrolyse times of 60 main and las. The prodmct beelde the nueas md 140ates include
toluen, benasne, and methyl cyclohexenes. The lowe thin expected m inverui is *m to mel-
inhbition by the metl cyobexam Cyclobeame has bee used by ssd nmms as a bree-
raidical scaner (82,881. At short pyrolp&i tm the methyl 3yoemm PIt&a 401 a stl buildup.
As Its concentraton incree, arosmatiec ompouid bgi to appear. It woul mem % hmms
aromtic compounds ar the seconday product IW in N ome Ifom the deco -m oranofft
substituted cyclobaeee. That toluense woAs h a* subsltte beassme Semd Is not uaqaift
when one comrs vits stability and the oAm yd tolmeme y7lWbs fthe* pysulyg aci th1i-~
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For the long~cbaiD eyclbAnoua a pyrobibu nwmeaudn dw to dt of Mw buin i an be

I I

0 -c--c-Cc+

-H_-a-C at1(I)a C0-

QKKo



Steps k and I cm be rationalized in a slmilar way * these fot the bmumes, with zimdom
sc ,simlos on the Wde chain leading to smaller n-ulkume mid 141kmas and shorter dchn cyclboexase

(both alkmn md alkwe). The rog could abo undego @wk (1, 2, or 8 position). The products
that would re.lt by 0 scisson within the indg ar Ilusated by attack at poutiom K, L, md M.
The products foaned by the attack a illustated by steps n, o, mad p. None of the products do-
picted by thee steps (or those by attack on the 2 position) are Obae on any of the davomato-
grams. It i pomible that attack on the rin doen occur with theiaellr subettuted cydaness
that as fomed in the pye huse.'But It is vlfkl to conmsbute to the p uodac mIz to ma
thia a dWtt dsp, mince somems ot the type fommed in stps o md p m not detected on the
dmat However, etep p for a imortchin eyciclmne would yield a smia 14&me tha
would be ind stIngudshal horm the me sa 1elkme reulting from P scido an the ide chbin.

Reactions that could account for the somstic formation from a obtituted cydobae
would be

R+ + NH (q)

CHa

+ CHS (r)

Re-+ + RH

a. - (s

3.9MM



fle+ U(wIK)

7bh bsome derivaivs could be farned by the radical attack on a dime (step t) at by the
peilamah e et molecular edmnation of hydrogen. The be....e aonoainaton remue Msl.
~eylow compaed -to tha of Whomsne This would Indicate that mechanim steps sucgh a stop t

an mawentse fanhale, as steps v and w. These reactions of the cyclohexoeus are known to be
nchm olyyni 130), and undoubtedly this catlysis accounts for the changp in the product

N 1 -bUtm noted at long pyrlmis times.

SUMMIARY

The formation of n-alkaones in the jt-fuel distillation range can be explained If large n-alkaes
on pIsn In the crude-oil source. Quantities of lIwo nelkanes present ae insufficient, howmwe,
to xlIn the amounts found (up to 87%) In the jet fuel made from shale crudes. Othr osil
pircummto smell straight-chain molecule. are branched compounds or substituted cyclic

The compounds pyrolyzed in this study were I-phmnyl pentadecorne, 1~ey tetradecane,
ftu-pentadocy1 pyrddne, 3-methyl octadecane, Icyhesxy tridecane, and n-hemodecane.

Product boends were similar for all compounds stressed. Short pyrolysis times (15 mlin) fAvor
the yield of 1-alkenes, and longe pyrolysis times (180 min) favo an increased alkane production.

?yrdne and benuene ving. peatly enhance fre-adical formation. For example, the percent of
""-n-pentiyl pyridine, decomposed in 80 min of npylyi Is not matched, by Owe uezaeicane

until Almost 130 mlin. The total yield of product, US, for 2.nVOentadecy ppldki Is not ~dis
by n-hexadecm at even 180 min of pyrolysis. A similor trend we. noted for the ~ enllass.

The most stable substituted benzoes formed were toluune and styrene. For 1~e~ penta-
docone, tolune increased in yiel from 8.3% at 15 min of "a**lyc to 14.9% at 180 min. ad
stymee incremed In yield from 0.7% at 4mlin to 7.8% at 180 ma. No beamues we. found.

For the subsituted pydftn, only 2-methyl pyrlibu was forniod In apreeable, comssaft-
ton, 8.0% at 15 min of pyrolysi end Iicreming to 11.7% at 180 ma. No py*Arlm we. Sound. Tbs
reut far substitted benoassend pyridines e consistent with primay atakat the alpha sad

Substitutd cycloabezme. would be expscted to be Ioss reladhoethan eithe the ppg katiso
do'brins Suipinoy, iceycoboxyl bideme we. d essI. reatv dw etheir auee
or%4 'Sibl isdame at ffroly* tNOe of 60 mina d less. The pridmuci for doyul ot
1 n ddhy hiesomeides the alhues, an *ames incld bame, tolsla , vi mdbyl

w hen defelvs by Soe dl ~ ~ yd w~ No Mnt deim i
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occurs at conditions (lower tsnmmpe a.ed bMW Posm) m typVa of dsab. .tw g -d
delayed coking.h I. Bbehavir a sebemtmemis m MA rmftm 1-o epo Illy
equa aDWWtt Of n4lkinU Ud IL4&kimu bmm uje bi Iein& %of e M w b"is psdot
dWWbuton cm be upex~ an the bb ag FIB theM A as at te o@mpo pp*~ud

MW. report ibows tha ac In *ae Mle dw al me"a soma ftyf In aled
mndss OffOeds a p46h to dodBim i 1 vCsotm
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Table Alb - Yield of Substituted Alkanes and Alkenes from Pyrolysis of 1-Phenyl Pentadecane.
Double rectangles accentuate values from 5.0 to 9.9%, and triple rectangles accentuate

values of 10.0% or more.

Yield (%)Carbon

Number 15 min s0 min 60 min 120 min 180 min
of Side.

8fSie- m- ml- al- 811- 81- al- a[- al- 61- al-
Chain kane kene kane kene kane kene kane * kene kane kene

M__M

C1  3.r i~ - 1. 3.8 - -

C3 0.1 0.8 0.2 0.3 0.8 0.2 1.2 0.1 FI -

C4  0.3 - 0.5 - 0.9 0.1 0 - 0.8 -

C5  0.2 0.8 0.2 0.4 0.7 0.1 0.6 - 0.4 0.1
C6 0.2 0.4 0.2 0.4 0.4 0.1 0.3 - 0.2 0.1
C7  0.1 0.3 0.2 0.4 0.3 0.2 0.2 0.2 0.2 0.1

CS  0.2 0.3 0.2 0.3 0.3 0.1 0.1 - 0.2 -

C 0.2 0.3 0.2 0.3 0.8 0.1 0.1 - 0.1 -

CIO 0.2 0.3 0.2 0.3 0.2 0.1 0.1 - - -

C1 1  0.2 0.3 0.2 03 0.2 0.1 - -

C1 2 0.2 0.2 0.2 0.2 0.2 01 - -

C1 3 - 0.2 - 0.2 0.1 01 .. .

Table A2a - Yield of n-Alkanes and 1-Alkense from Pyrolyab of Uheyl Tetmdecane

Yield () ____

Carbon 15 min 30 min 60 min 120 min 180 min
., ~Number...n-a- 1.61- n4l- 143- nel- 1-- n-el- 141- n-el- 14--

kane kane kane kene kene ken kane kene kane kene

C5 0.2 0.6 0.7 r 51 RLI) 71 [ 0.8
C6  0.2 0.9 0.6 1.8 1.3 r2. 1. 2.1 M-8 0.9
C7  0. 0.7 0.6 [IED r1.21 rC) rI) 1.8 rlI) 0.7
C8  0.2 0.5 0.5 1.0 0.9 1.2 o.9 r1.0j M1 0.3
Ct 0.2 0.7 0.4 [j3) 0.8 1.0 0.9 0.7 0.7 0.2
CIO 0.2 0.9 0.3 [i 0.5 0.9 0.5 0.9 0.4 0.1

C1  0.3 0.5 0.4 0.7 0.5 0.5 0.5 0.8 0.3 0.1
C12  O A .4 i 0.6 0.2 14 0.2 = 0.1
Cis 0 C- 01 C 0.1 E 0.1 0.6 - 0.2

22
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Table A2b - Yield of Substituted Alkanes and Alkenes for Pyrolysis of 1-Phenyl Tetradecane

Carbon__ Yield (%)

Number 15 min 30 min 60 min 120 min 180 min
of Side-
Chain al- al- al- al- al- al- al- al- al- al-

kane kene kane kene kane kene kane kene kane kene

C3 - - - -

C2  2.4 0.5 r4.1 F1.4 1 4.61 1.3 F6.0 0.2

C8  0.2 0.2 0.3 0.4 FEI1 0.8 1.8 o.2 1.8 -

C4  0.2 0.1 0.6 0.2 F1321 o.1 1 I o.o 7 -

C5  0.1 0.3 0.2 0.4 0.9 0.2 0.8 0.1 0.5 -

C6  0.1 0.8 0.3 0.4 0.5 0.1 0.4 0.1 0.2 -

C7  0.1 0.3 0.2 0.4 0.3 0.1 0.2 0.1 0.2 0.1

C8  0.1 0.2 0.2 0.3 0.3 0.1 0.2 0.1 0.2 0.1

C9 0.1 0.2 0.2 0.8 0.2 0.1 0.2 0.1 0.1 -

C1 0  0.1 0.2 0.2 0.3 0.2 0.1 0.1 0.1 0.1 -

C1 1  0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 -

C1 2  0.1 0.2 0.1 0.2 0.1 0.1 0.1 - - -

C1  0.2 - 0.2 0.1 0.1 - 0.1 -

Table Aa - Yield of n-alkanes and 1-ulkanes from Pyrolysis of 2-n-Pentadecyl Pyridine

Yield (%)

Carbon 15 min 30 mm 60 min 120 mm 180 min
Number n- 141- nn- 1-el- nl 141- -- n41- 141- n-l- 1-

kane kene kane kene kane kene kane kene kane kane

C5  0.2 0.5 0.7 0.9 0.7 i i11 Ii 0.

C6 0.8 0.8 0.6 F15 i F5I iM EIll UM U
C7  0.8 0.6 1.2 1 1-1 ICa] U F I.1 IlU 0.3
C8  0.5 0.5 0.9 0.9 0.9 1.01 0.7 0.8 0.4 0.4

C9  1.2 0.8 0.5 0.5 0.9 0.9 0.2 0.6 0.1 0.4

CIO 0.1 o.2 1.5 o.s 0.9 1.0 1.0 0.5 0.7 0.2

C1 1  0.2 0.7 0.6 0.7 0.6 0.9 0.5 0.3 0.4 0.1

C I 0.2 0.4 0.8 0.4 0.7 O.4 0.5 0.1 0.8 0.1

C13  1.5 O. - 0.8 r7 O r1.5 0.1 0.7 -

C14 0.7 4 1.1 2. 0.8 2.1 0.4 0.2 0.1



Table A~b - Yield of Substitued Alkanes and Alkenes from Pyroyi of 2.n-Penthdscyl Pyildne

Cron __ _ _ _ _ _ _ _ Yield (%) _ _ _ _ _ _ _

Number 15mmins 0min 60min 120 min 1S0 min
Of Side-

kane kmne kane kene kane ken. kane kane kane kane

C, 58.0 - 6.0.910

C2  0.5 0.5 0.9 1.88- 2.6 - 8.9 -

Ca 0.5 - 0.6 - 0.6 - 0.9 - 1.0 -

C4  0.2 - 1.0 - 0.9 - 0.9 - 0.7 -

CS 0.2 0.2 0.7 0.1 0.8 - 0.7 - 0.2 -

C6  0.2 0.8 0.5 0.1 0.5 - 0.8 - 0.2 -

C7  0.1 0.2 0.4 0.2 0.4 - 0.3 - 0.1 -

Ca 0.2 0.2 0.2 0O4A - 0.2 - 0.2 -

Ce 0.8 0.5 0.4 0.4A - 0.1 - 0.1 -

CIO 0.2 0.2 0.4 0.2 0.2 - 0.1 - - -

Ci C 1  0.2 0.2 0.5 0.1 0.2 - 0.1 - - -

C1 2  0.2 0.2 0.4 0.1 0.2 0.1 0.1 - - -

CIS 0.1 0.2 0.2 0.1 0.1 0.1 - - - -

C 1 4  0.4 OA0. 0.1 0.2 - - - -
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Table M~a - Yield of n~elkmnes and 1.1k....s from Pyrolysis of 2-methyl octadecae

Yield(%

Carbon 15min 30min 60min 120 min 180 min
Nubr nal- 141. - l1- 141- n-d- 141-e- n-l- 141- n4-l 141.

kane kmne kane ken. kane kene kane katie kane katie

C5  - 0.6 0.5 0.5 r 1.2 2.91 .2 M I 2.21 1.4

C6  - - 0.2 0-. rJ 2.-0 1. R.5 1.2 1.51

C7  - - 0.2 0.7 0.7 r1.4 2. 11 12 12

CS 0.2 0.1 0.1 0.5 U3 11 . 0.8 0.8 0.5

C9  - - 0.1 0.5 0.5 r1.0 0.9 0.5 0.4 0.5

CIO - - 0.1 0.5 0.9 10 0.7 0.4 0.2 0.5

C11  - 0.1 0.1 0.4 0.3 0.9 0.6 0.8 0.2 0.3

C1 2  - 0.1 0.1 0.4 0.3 0.7 0.5 0.2 0.1 0.2

Cl3 - 0.2 0.1 0.4 0.2 0.6 0.8 0.1 0.1 0.2

Cu4 - 0.2 0.1 0.4 0.2 0.5 0.2 01 - 0.1

C15 0.1 0.1 0.4 0.3 0.8 0.4 0.7 0.1 0.8 -

Cis 0.4 0.5 0.7 1.A1 0.6 1.4- 0.8 0.2 0.2 0.2

- - 0.1 0.8 0.1 0.1 O .1 -
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*TAbl A4b - Yield of Branched Alku and Akmes from Pyrolysis of 2-1Meyl Octadecon

Yield (s)
1Crbo in '80 min 60 min 120 min 180 main

Length 41- a!- a1- a1- a!- al- al- al- a!- a!.
kane kone kane ke. kame kene kae kene kane ken

C5 0.1 0.2 0.3 0.6 1.1 0.6 0.8 0.7
C6  - - 0.1 0.2 0.1 04 0.1 1.1 0.3 0.7
C7  - - - 0. 0 0.6 0.5 0.9 0.4 0.7

Ca - - - 0.3 0.1 0.6 0.4 GA 0 0.8
C9  - - - 0. 0.2 O.6 A 0.2 - 0.2
C1o - - - 0.3 0.2 0.5 0.8 0.2 - 0.2
C11  - - 0.1 0.8 0.1 0.5 0.3 0.1 - 0.2

C1 2 - - 0.1 0.3 0.1 0.5 0.2 0.1 - 0.1
C1 3 - 0.1 0.3 0.2 OA 0.2 0.1 - -

Cu4 0.4 - 0.1 0. 0.2 0.4 0.2 0.1 - -

Cis 0.1 - 0.1 0.3 0.2 GA 0.2 - - -

Cis 0.1 0.1 0.2 O 0.2 OA 0.1 - - -

CT, 0.8 - 0.3 0.1 0.2 0.1 - - - -

Table Aa - Yield of n-Alkanm and 1-alekes from PyrOlyus of n-Tldecyl Cyclohzanm

Yield (%)
..bou 15 mm 0min 6omln 120mn 1SOm

Number n4 .1- A. 141- n. 141 - 1 . . d

kane ko lae kne kane kIne lane kmne aens he

Ce O A 0.5 UE IMl M)i IMMJ E fll
Ce 0.5 lIFI 0.7 [Ml CMi (Ml (iiJ& n

. C7 - - oL 0' oJ i ] [a]LrI
Ce - - 0. 0. 0.9 [ 0.9 [M
C, - - 0.3 ("i" 0.3 8 0.8 0.8 0.9 0.8
C1o - - 0.8 (joM 0.8 [M O 0.6 0.6 0.2

C11 - - 0.8 0.8 0.6 0.6 0.5 GA 0.4 -
C1 2 0.1 - CM 0.7 0.6 0.5 i 0.3 0.7 -
Ca - O. 0. T I) 0.5 13. GA OA 0.3 0.II
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Table Aib - Yield of Substitted Mlkmn and Alksms kmr Pytolyd of a-Tdu~y Cydbomee

(orbon __ _ _ _Yidd (S) _ _ _ __ _ _ _ _

Number 15min somh 80msohzi 120mhz IS 18mhz
Of Si--e - -

Chain al- .1- l l l l l - m- m
kane kham kone ha.. km. hams home kon km. boas

d2 -0.5 0" a" d- OS 1 * [d"3a-

C2 * U @ 0.6 0.7 0. ? .7 0.4
-a - 02 . 0.3 02 0.5 0.8 *.A 0.

C4 - 0.8 0.7 02 0 OA 0.4 0.4 -

CI - 04A 0.3 O A S.3 U -

C, - 0.4 0.4 03 0G5 O *A $I -

Ce 0* 0.5 032 OA 0as - U

CV - - 82 0.4 093 0.4 03 - 0.1 -

CIO 0.2 - OA OA 0* 0.A 0.2 0.1 - -

C11  0.1 - 01 02 OA0. - 01 - -

C1 2 02 01 C023 0.1 7

Tabl. A6 - Yiel of n-Alkan and 14&km hom fyroymi of rn~frnm.

Clarbon 16 oft 30min so Oli 120m 160mIShad
Number y.m.1- - -

_____kae km. kane bow. km. hon. ken* haf. -km. ham

C5 0.1 0.2 0.5 [I) amIE)E) I)~
cs - 0.1 0*3 r"4 i)(11[ILAJ.

C7  0.1 0.3 0*3 a E~[a]IM El1 i (ul 1
CS - 0.1 0.2 0fi @ [giIM l CM [M) 0.6

A I C, - 0.2 0.3 (1Th 01(JL111Q .4
C1* - 0.3 0.3 amJ o.8 aml oAe am M] 4.
C11 - 0l* 0.2 la 0.7 0.7 01 0.7 0. I

C111 - 0.3 0.1 01 0.1 ox) . 0.7 0.5 0.

C1 s - 03 0.3 05 0.7 01 0.6 0.5 04 0.1

C14  - 0.2 - 0.6 0.3 01 0.3 0. u 431

- - 0.2 0.2 0.3 01.1 0.1 -_
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